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Abstract 

The ovary receives a finite pool of follicles during fetal life. Atresia remains the major form of follicular expenditure at all 
stages since development of ovary. The follicular reserve, however, declines at an exponential rate leading to accelerated 
rate of decay during the years preceding menopause. We examined if diminished follicle reserve that characterizes ovarian 
aging impacts the attrition rate. Premature ovarian aging was induced in rats by intra-embryonic injection of 
galactosyltransferase-antibody on embryonic day 10. On post-natal day 35 of the female litters, either a wedge of fat 
(sham control) or a wild type ovary collected from 25-day old control rats, was transplanted under the ovarian bursa in both 
sides. Follicular growth and atresia, and ovarian microenvironment were evaluated in the follicle-deficient host ovary and 
transplanted ovary by real time RT-PCR analysis of growth differentiation factor-9, bone morphogenetic protein 15, and kit 
ligand, biochemical evaluation of ovarian lipid peroxidation, superoxide dismutase (SOD) and catalase activity, and western 
blot analysis of ovarian pro- and anti-apoptotic factors including p53, bax, bcl2, and caspase 3. Results demonstrated that 
the rate of follicular atresia, which was highly preponderant in the follicle-deficient ovary of the sham-operated group, was 
significantly prevented in the presence of the transplanted ovary. As against the follicle-deficient ovary of the sham- 
operated group, the follicle-deficient host ovary as well as the transplanted ovary in the ovary-transplanted group exhibited 
stimulated follicle growth with increased expression of anti-apoptotic factors and down regulation of pro-apoptotic factors. 
Both the host and transplanted ovaries also had significantly lower rate of lipid peroxidation with increased SOD and 
catalase activity. We conclude that the declining follicular reserve is perhaps the immediate thrust that increases the rate of 
follicle depletion during the final phase of ovarian life when the follicle reserve wanes below certain threshold size. 
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Introduction 

The ovary, an ever-changing tissue and dynamic multi- 
compartmental organ, is unique in the endocrine system in that 
in every reproductive cycle it develops entirely new secretory 
structures, the graafian follicles, from a pool of primordial follicles 
[1]. The primordial follicles are the major endocrine and 
reproductive units of the ovary whose numbers determine both 
reproductive potential and reproductive life span [2]. The 
mammalian germ cell lineage is established early in development. 
In humans, approximately 6 th week post-fertilization the primor- 
dial germ cells arrive at the genital ridge [3-4] , where the oogonia 
population expands by mitosis and augments the population of 
future oocytes. In all vertebrate species, over 2/3 of the potential 
female germ cell pool is lost by the time of birth [5-6] leaving a 
finite pool. Follicular atresia, however, continues through the 
course of reproductive life until the reserve is exhausted at 
menopause. If the expenditure of follicle is regulated orderly, the 
follicle store serves the reproductive needs for life. Once the 
reserve gets exhausted, ovarian senescence driving what is referred 
to as menopause ensues. Except for a tiny number of follicles that 
are expended between puberty and menopause in the form of 



ovulation, atresia remains the major form of follicular expenditure. 
Span of reproductive life is species-specific. It appears that the 
overall mechanism has been genetically tuned that keeps the 
follicles available for certain age to maintain reproductive 
functions. The rate of follicular atresia, however, is not uniform 
throughout. The relationship between follicle number and the 
menopausal transition has not been explicidy studied; however, 
using mathematical model it has been demonstrated that follicular 
reserve declines at an exponential rate that gradually changes 
throughout life leading to accelerated rate of atresia during the 
years preceding menopause [7-10]. While working on a rodent 
model of primary ovarian insufficiency (POI), we surprisingly 
noted that experimentally developed ovary with deficient follicular 
pool, like that of premenopausal ovaries, experiences increased 
rate of atresia of the remaining follicular pool. The question 
therefore remains: what are the governing factors that accelerate 
the rate of atresia during the menopausal ages? Is it the 
chronological age; or the ovarian aging also impacts the process? 

The cellular mechanism of follicular atresia is apoptosis that 
involves programmed demise of follicles [11-13]. Mammalian 
oocyte growth and development is critically dependent on a 
functional two-way communications between oocyte and its 
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companion somatic cell compartments, granulosa cells and theca 
cells [14]. These 3 follicular compartments interact in a 
coordinated manner through direct gap-junction-mediated com- 
munication and/or paracrine signaling [15]. Oocyte secretes some 
specific factors that actively regulate its own microenvironment by 
controlling the developmental pathway of its neighboring somatic 
cells [16-17]. They regulate folliculogenesis by modulating 
steroidogenesis and promoting somatic cell expansion and 
dilferentiation [18-20]. On the other hand, somatic cells play 
indispensible role by secreting essential factors that regulate the 
optimum environment for development of the oocyte within the 
follicle to acquire developmental competence in preparation for 
ovulation [21-23]. A variety of cell survival signaling pathways 
rescue oocytes from apoptosis [24]. In contrast, apoptosis is 
triggered by either a deficiency in survival factors or by over- 
expression of death-inducing factors [25]. Evidence suggests that 
these diverse factors converge on selective pathways to regulate 
apoptosis [26]. Thus the age-old belief that pituitary is the 
bandmaster that controls and regulates the ovarian function by 
elaborating a number of modulating factors under the direct 
control of hypothalamus has been replaced by the concept that 
ovary itself regulates its function, as the hypothalamo-pituitary 
factors come into operation as and when signaled by the ovary. 
We therefore hypothesized that ovary may be the route of the 
signal(s) that modulates the rate of atresia. The follicular reserve 
perhaps contributes to maintain an ovarian milieu that favors 
follicle survival, and the rate of atresia increases following loss of 
that milieu consequent upon loss of follicles below certain cut off 
limit. To address this issue, the present investigation experimen- 
tally restricted the oogonial migration to curtail follicular reserve at 
embryonic stage and induce premature ovarian aging in rats. 
Subsequently the follicular quantum was increased by transplan- 
tation of ovary with normal complement of follicle and the rate of 
follicular growth and decay was assessed. 

Results 

Ovarian histology 

The histological observation demonstrated that ovarian sections 
of control rats (Fig. 1A) contained follicles at different stages of 
maturation. In contrast, reduced ovarian mass, absence of graafian 
follicle and arrested follicles at the early pre-antral stage were 
generalized findings in the GalTase-antibody (GalTase-Ab)- 
treated ovary (Fig. IB). The reduction in follicle number and 
presence of a large number of pyknotic granulosa cells, arranged in 
a single symmetric ring adjacent to the basement membrane and 
offering the structure of a string of beads, marked the preponder- 
ance of atretic cells in the GalTase-Ab-exposed group. 

Follicle count 

There was an overall reduction in the mean numbers of all types 
of follicles in the GalTase-Ab-exposed groups (Fig. 2). As 
compared to the controls, the numbers of primordial growing 
and antral follicles were significantly sparser while the atretic 
follicles were significantly higher (p<0.0001) in the GalTase-Ab- 
exposed groups. 

Evaluation of growth rate 

Body weight (BW) of the litters at birth and subsequent growth 
rates have been presented in Fig. 3. At birth the BW of the pups 
were statistically indifferent between the groups. All groups 
showed steady increase in their body weight (g) throughout the 
course of study showing that transplantation of fat or ovary in 



neither the control nor the GalTase-Ab-exposed group had any 
effect on the growth rate. 

Evaluation of onset of puberty 

The timing of vaginal opening (VO) has been expressed in 
relation to age (Fig. 4A) and body weight (Fig. 4B). On the day of 
VO, the control rats transplanted with fat (CFT) or ovary (COT) 
had statistically non comparable age (day) (CFT: 37.60±0.48 vs. 
COT: 37.20±0.44) and body weight (g) (CFT: 87.80±0.37 vs. 
COT: 88.6±0.67). As compared to these control groups, the 
GalTase-Ab-exposed group with fat transplantation (GFT) had 
significantly (P<0.0001) delayed (51.9±1.39) onset of puberty; 
and because of older age at the time of VO they also had increased 
(P<0.0001) body weight (GFT: 99.0± 1.3) as compared to those of 
GOT (86±0.90) and other control groups. Transplantation of 
ovary in the GalTase-Ab-exposed litters significantly (P<0.0001) 
advanced the time of vaginal opening (GFT: 51.9±1.39 vs. GOT: 
39.20±0.75) that occurred within 4 to 5 days following 
transplantation. 

Ovarian architecture 

The histological evaluation (Fig. 5) demonstrated that the 
transplanted ovary (GOT-T) had significant impact on the 
follicle-deficient host (GOT-H) ovary. As against the preponder- 
ance of dormant and atretic follicles in the follicle-deficient ovary 
in the sham-operated group (GFT), the presence of transplanted 
ovary (GOT-T) stimulated follicular growth in the GOT-H ovary 
as marked by well differentiated theca and granulosa cell layers. 
The control ovaries transplanted with either fat (CFT) or ovary 
(GOT) exhibited active follicles at different stages of maturity 
indicating that fat had no impact on host ovary (data not shown). 

Granulosa cell apoptosis by TUNEL assay and Hoechst 
staining 

As examined by TUNEL assay (Fig.6), the granulosa cells 
collected from neither the host, nor the transplanted ovary of the 
GOT group demonstrated any appreciable DNA fragmentation, 
while the granulosa cells isolated from GFT ovaries exhibited 
increased rate of apoptosis. The increased rate of granulosa cell 
apoptosis (%) that prevailed in the GFT (74.4±3.58) group was 
significantly (P<0.0001) attenuated in the GOT-H (38.8±2.69) 
ovary under the influence of added follicles following ovary 
transplantation (GOT-T) (10.4±1.04). 

Hoechst staining observation supplemented the TUNEL assay 
results. Confocal images (Fig. 7) demonstrated that GFT group had 
higher percentage of apoptotic granulosa cells that were irregularly 
shaped, shrunken and degraded due to fragmentation of 
chromatin, while the granulosa cells isolated from GOT-T and 
GOT-H ovaries had regular contours, were round in shape and 
large in size indicating healthy cellular condition. As evaluated by 
apoptotic index, the prevailing higher proportion (%) (71.8±2.9) 
of apoptotic granulosa cells in the GFT group decreased 
significantly (P<0.0001) to 38.7±1.49 in GOT-H ovary, as 
compared to 9.0±1.04 apoptotic cells in the GOT-T ovary. 

Lipid peroxidation 

The spectrophotometric readings demonstrated (Fig.8A) that 
malondialdehyde (MDA) concentration (nmol/ mg protein) in the 
follicle-deficient ovaries decreased significantly (P<0.05) from 
9.12±0.39 in the GFT group to 5.74±0.37 in the GOT-H 
ovaries. MDA level in the GOT-T ovaries (3.53±0.16), however, 
was significantly lower than that of GOT-H (P<0.0007) as well as 
GFT (P<0.001). 
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Figure 1 . Ovarian histology. Histological picture of one representative ovary from 35-day old control (A) and GalTase- treated (B) rats. The control 
ovary exhibits the presence of follicles at different stages of maturity. The GalTase treated ovary exhibits an infantile appearance with a deficient 
follicular reserve and preponderance of atretic follicles. 1 . Primordial, 2. Growing, 3. Antral, and 4. Atretic follicles. Each image is one representative of 
five independent ovaries of the respective groups; bar = 500 um. 
doi:10.1371/journal.pone.0096210.g001 

Superoxide dismutase activity 

As presented in Fig. 8B, ovarian SOD level (unit/mg protein) 
increased significantly (P<0.05) from 0.07±0.02 in the GFT 
group to 0.12±0.01 in the GOT-H ovary. GOT-T ovary, 
however, had the highest level of SOD (0.202±0.007), which 
was even significantly higher than GOT-H (P<0.001). 

Catalase activity 

The results (Fig. 8C) showed that the catalase activity (nmol/ 
min/mg protein) significantly (P<0.05) increased from 1.14±0.13 
in the GFT group ovary to 2.37 ±0. 1 3 in the GOT-H ovary. The 
GOT-T ovary had the highest level of catalase activity 
(3.22±0.066), which was even higher than the GOT-H ovary 
(P<0.001). 



ROS generation 

The confocal images (Fig.9) depicted that as compared to that of 
the GFT ovary (Fig. 7A), granulosa cell generation of ROS by the 
GOT-H ovary (Fig. 7B) remarkably decreased in the presence of 
GOT-T ovary (Fig. 7C), which exhibited little or no ROS 
generation. 

Mitochondrial membrane potential 

The images obtained from confocal microscopy (Fig. 10) 
demonstrated that the granulosa cells obtained from GFT ovaries 
had depolarization of mitochondrial membrane as evident by 
green fluorescence due to monomeric aggregation of JC- 
1 (Fig. 10A). By contrast, the granulosa cells from GOT-H 
(Fig. 10B) as well as GOT-T (Fig. 10C) ovaries exhibited higher 
mitochondrial polarization as indicated by reddish orange 
fluorescence that marked strong JC-1 aggregation. 
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Figure 2. Quantification of different types of follicles per ovary. 

The figure represents overall reduction in the number of follicles of all 
stages and increase in atretic follicles in the GalTase-Ab exposed group 
as compared to the control. Values are expressed as mean±SEM. The 
numbers of follicles of all stages are significantly lower (P<0.0001) in 
the GalTase-Ab exposed group as compared to respective follicle type 
of the control group. 
doi:1 0.1 371 /journal.pone.009621 0.g002 



Annexin V binding 

Figures 1 1A-C represent the confocal images of annexin V and 
propidium iodide (PI) fluorescence of isolated granulosa cells. The 
granulosa cells obtained from GFT group exhibited both annexin 
V and PI fluorescence (Fig. 1 1A), while those of GOT-T very 
limited annexin V binding (Fig. 11C); however, some of the 
granulosa cells of GOT-H showed characteristic annexin V 
binding without PI staining indicating intactness of plasma 
membrane (Fig. 11B). 

Immunoblot analysis 

The western blot data (Fig. 12 A) and its densitometric analyses 
(Fig. 12B) demonstrated that the follicle-deficient ovary of the 
GFT group had the highest expression level of pro-apoptotic 
factors p53, bax and caspase 3, and the least expression of anti- 
apoptotic factor bcl 2 . As demonstrated by the GOT-H ovary, the 
situation was significandy reversed in the presence of the 
transplanted ovary (GOT-T), which exhibited highest expression 
of bcl2 and lowest expression levels of p53, bax and caspase 3. 

mRNA expression of GDF9, BMP 15 and kit ligand 

The mRNA transcript data on oocyte specific factors, gdf9 and 
bmpl5, and granulosa cell-secreted factor, kit ligand, are 
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Figure 3. Postnatal growth rates. Comparison of postnatal growth rates between control rats transplanted with neonatal ovary (COT) or a wedge 
of fat (CFT) and GalTase-ab-exposed rats transplanted with neonatal ovary (GOT) or wedge of fat (GFT). All the groups exhibited comparable increase 
in their body weight till 9 th post-natal week. Each point represents the mean value of at least 5 rats in each group. 
doi:1 0.1 371 /journal.pone.009621 0.g003 

induced alteration of GalTase substrate specificity restricted 
oogonial migration and led to development of ovary with deficient 
follicular reserve [27]. We adopted this principle to induce 
premature ovarian aging; however, instead of ot-lactalbumin, we 
transiently inhibited embryonic GalTase by administering Gal- 
Tase- Ab that, like a-lactalbumin, inhibits migration of primordial 
germ cells and produce ovary with deficient follicular reserve [28]. 
Further, we validated this model by histological architecture and 
counting the ovarian follicular quantum. The size of follicle 
reserve was subsequently increased by grafting immature wild 
ovary under the ovarian bursa (GOT), and the consequent effect 
on follicular attrition process was evaluated. Transplantation of a 
wedge of fat (GFT) served as sham control. In a pilot study, we 
maintained two additional subsets of control rats that had 
transplantation of fat (CFT) or ovary (COT), which had no 
impact on the timing of onset of puberty or ovarian fblliculogen- 



presented in Fig. 13. As compared to the follicle-deficient ovary of 
the sham-operated group (GFT), the expression of mRNA 
encoding different growth factors were 1.24-fold to 1.62-fold 
higher in the GOT-H ovary (p<0.05), and 1.87-fold to 2.76-fold 
higher in GOT-T ovary (p<0.001). 

In-situ localization of kit ligand 

Immunofluorescence data (Fig. 14) revealed higher granulosa 
cell expression of kit ligand in both GOT-T and GOT-H ovaries 
in comparison to that of GFT ovary. 

Discussion 

The present investigation addresses if ovarian aging per se 
impacts the rate of follicular atresia. Embryonic GalTase is 
reported to play important role in germ cell migration. Transient 
attenuation of embryonic GalTase activity by a-lactalbumin- 




Figure 4. The timing of vaginal opening. Onset of puberty, as marked by the day of vaginal opening, in different groups of rats is presented with 
respect to age (4A) and body weight (4B). Transplantation of neither fat (CFT), nor ovary (COT) impacts the day of vaginal opening in the control 
group. But as compared to CFT and COT, the fat transplanted sub-group of the GalTase-exposed rats (GFT) exhibit significantly (P<0.0001) delayed 
vaginal opening. The timing of vaginal opening, however, is significantly (P<0.0001) advanced in the ovary-transplanted rats of the GalTase-exposed 
group (GOT). Due to delayed onset of puberty, the body weight on the day of VO is significantly higher in the GFT group with respect to all other 
groups (P<0.0001). Values are presented as individual datum with mean. 
doi:1 0.1 371 /journal.pone.009621 0.g004 
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Figure 5. Ovarian architecture. Histological sections demonstrate marked follicle stimulation in the host ovary (host) of the GalTase-exposed rats 
transplanted (trans) with ovary (GOT) as compared to unstimulated, dormant or atretic follicles in those with fat transplantation (GFT). Each image is 
one representative of five independent ovaries of the respective groups; bar = 500 urn. 
doi:1 0.1 371 /journal.pone.009621 0.g005 



esis. So, all subsequent investigations were done in the two subsets 
of GalTase-Ab-exposed females transplanted with fat (GFT) or 
ovary (GOT). While evaluating the effect of ovary transplantation, 
the rats were sacrificed 5 days after transplantation, and the host 
(GOT-H) and transplanted (GOT-T) ovaries were physically 
separated and examined individually. 

The present results demonstrate that experimental induction of 
ovarian aging indulges increased rate of attrition of the prevailing 
follicular pool. The situation, however, is reverted back to healthy 
functioning of the follicles following transplantation of an 
immature wild ovary that increased the follicular pool. That the 
follicular pool size impacts the life and death process of follicles has 
been evidenced by a battery of relevant investigations. 

Puberty in females is the time in life when mature follicle is first 
produced. The onset of puberty involves many interactive factors 
that play important and specific roles [29]. The timing of vaginal 
opening, a reproductive tract response to ovarian steroids and one 
of the key indices for puberty in the rodents, involves a chain of 
events including increased production of ovarian steroids in 
response to increased secretion of gonadotropins from the 
pituitary. This is driven by a spurt in the secretion of GnRH 
following activation of hypothalamus. Exactly when the puberty 
specific increase in the cascade of hormones begins largely 
depends on body size, rather than chronological age [30]. We 
therefore evaluated vaginal opening separately in relation to age as 
well as BW. Despite the day-wise body weight gain between the 
groups were comparable throughout, the vaginal opening in the 
GFT group, as compared with that of COT and CFT, was 
delayed, and at the time of VO they had significantly (P<0.01) 
higher BW. Increase in the follicular quantum by ovary 
transplantation advanced the timing of vaginal opening in GOT 
group, which otherwise would have been delayed over 10 days. 
This observation clearly indicates that delayed VO was not due to 
any adverse effects of the experimental procedures on the age- 
specific increase in body weight. Since the transplanted ovary was 
from 25-day old immature rats, any possibility of estrogen 
produced by the transplanted ovary playing role in the advance- 
ment of VO can also be ruled out. 

Our histological observation demonstrated that the transplanted 
ovary significandy impacted folliculogenesis in the follicle-deficient 
host ovary. In the absence of the transplanted ovary (GFT group), 
most of the available follicles that were in dormant condition or at 
stages of atresia were activated in the presence of the transplanted 
ovary (GOT group). The control ovary transplanted with fat 



exhibited active follicles of different stages of maturity indicating 
that fat had no impact on host ovary. 

Folliclular atresia caused by granulosa cell apoptosis is a central 
process in normal ovarian physiology [31-32]. As many as 99% 
follicles degenerate by atresia involving granulosa cell apoptosis 
[33]. We evaluated apoptosis in isolated granulosa cells by 
TUNEL assay and Hoechst staining. Both results clearly 
demonstrated that the increased rate of granulosa cell apoptosis 
that was prevalent in the follicle-deficient ovary was significandy 
attenuated under the influence of added follicles following ovary 
transplantation. 

Apoptotic cell death is accompanied by loss of phospholipid 
asymmetry in membrane structure by surface exposure of PS 
molecules at the outer membrane leaflet [34-35], and prior to this 
process cells undergo disruption of the mitochondrial transmem- 
brane potential [36]. These changes were monitored by annexin 
V- affinity and JC-1 binding assay. Our results of confocal 
microscopy clearly demonstrated that cell surface of granulosa 
cells isolated from GFT group exhibited annexin- V as well as PI 
fluorescence and mitochondrial depolarization that are indicative 
of increased follicular atresia. But increased follicular quantum re- 
energized the mitochondrial membrane potential and reversed the 
cellular environment favoring follicle survival. 

Oxygen consumption inherent in cell growth leads to genera- 
tion of a series of reactive oxygen species (ROS). Oxidative stress 
represents an imbalance between the systemic manifestation of 
ROS and a biological system's ability to readily detoxify the 
reactive intermediates or to repair the resulting damage [37]. 
According to the free radical theory of aging there is a positive 
correlation between lipid peroxidation and oxidative stress [38]. 
Lipid peroxidation involves a process whereby unsaturated lipids 
under oxidizing environment are oxidized to form additional 
radical species as well as toxic by-product that increases the 
cellular oxidative stress. Increased level of MDA concentration in 
the GFT group as compared to both the host and transplanted 
ovaries of the GOT group is an indicative that the increased 
follicular quantum could effectively reduce oxidative stress. 

ROS play important role in modulating the entire spectrum of 
female reproductive functions including oocyte maturation, 
ovarian steroidogenesis, corpus luteul functions and luteolysis 
[39]. By contrast, overabundance of ROS disrupts the ovarian 
niche and induces follicular atresia, which is observed during peri- 
menopausal period [40-41]. Our observation showing highly 
prevalent granulosa cell production of ROS by the follicle- 
deficient ovary of the GFT group as compared to little or no ROS 
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Figure 6. Immuno-fluorescence detection of apoptosis by TUNEL assay. The representative confocal images of isolated granulosa cells (Fig. 
6A) demonstrate higher proportion of TUNEL positive cells (green) in the GFT ovary (Fig. 6A-a) as compared to the GOT-H (Fig. 6A-b) and GOT-T 
ovaries (Fig. 6A-c) that show little or no TUNEL positive cells. Each image is one representative of 3 replicates from 3 independent pools of cells, each 
representing 6-8 rats of the respective groups. The histogram (Fig. 6B) shows the mean percentage ±SEM of apoptotic cells counted in 9 microscopic 
fields at xlOO. There are 3 randomly selected fields per slide, and each slide is represented by independent pool of cells. GFT vs. GOT-H: P<0.0001; 
GFT vs. GOT-T: P<0.0001. 
doi:1 0.1 371 /journal.pone.009621 0.g006 



generation by the follicle-deficient ovary of the GOT group in the 
presence of transplanted ovary clearly indicates that increased 
follicular quantum can attenuate the granulosa cell production of 
ROS. 

In the ovarian tissue, the physiological role of ROS is 
maintained by delicate balance between ROS and anti-oxidant 
defence mechanism. Oocytes and granulosa cells in all follicular 
stages are endowed with major antioxidant defence. Many anti- 
oxidant defence systems such as superoxide dismutase (in 
mitochondria and cytosol), catalase (in peroxisomes), glutathione 
peroxidase (membrane and lipoprotein) limit the ROS levels and 



damage. This multiple defence systems may fail to perform due to 
increased production of ROS. Among the different mechanisms, 
superoxide dismutase that reduces the radicals to hydrogen 
peroxide and oxygen is considered the first line defender against 
the deleterious effect of superoxide ion [42]. The removal of H 2 0 2 
is catalyzed by catalase that reduces H 2 0 2 to water. Carbone et al 
[37] demonstrated that the ROS scavenging efficiency decreases 
significandy with ovarian aging due to alteration of antioxidant 
support which in turn perturb ovarian niche. Our results 
demonstrated that SOD and catalase activity in the GOT-H 
ovary significantly increased over that of the GFT ovary in the 
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Figure 7. Hoechest staining of granulosa cells. Confocal images (Fig. 7A) of isolated granulosa cells from GFT ovaries (Fig.7A-a) appear shrunken 
and irregularly shaped with fragmented nuclei (<H, while the those isolated from GOT-H (Fig.7A-b) and GOT-T (Fig.7A-c) ovaries exhibit regular 
contour with round and large nuclei indicating healthy cellular condition. Each image is one representative of 9 replicates, 3 replicates from each pool 
of cells and each pool represents 6-8 rats of the respective groups. The histogram (Fig. 7B) shows the mean percentage ±SEM of apoptotic cells 
counted in 9 microscopic fields at x100. There are 3 randomly selected fields per slide, and each slide is represented by granulosa cells from 6-8 rats 
of the respective group. GFT vs. GOT-H: P<0.0001; GFT vs. GOT-T: P<0.0001. 
doi:1 0.1 371 /journal.pone.009621 0.g007 



presence of GOT-T ovary indicating that the antioxidant 
mediated defence against ROS has been restored after increasing 
the follicular quantum. 



Homeostatic control of follicular death and survival is thought 
to be the result of a dynamic balance between the two processes 
regulated in opposite ways by the pro-survival molecules at one 
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Figure 8. Ovarian oxidative stress markers. Data demonstrate that the generation of malondialdehyde (MDA) that marks lipid peroxidation (Fig. 
8A) is significantly lower, and the ovarian SOD (Fig. 8B) and catalase activity (Fig. 8C) are markedly higher in both the host (GOT-H) as well as 
transplanted ovary (GOT-T) of the GOT group, as compared to that of the fat transplanted group (GFT). Results are expressed as mean ±SEM of five 
independent determinations. For all parameters, GOT-H vs. GFT: P<0.05, GOT-T vs. GFT: P<0.001. 
doi:1 0.1 371 /journal.pone.009621 0.g008 
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Figure 9. Detection of ROS generation by dichlorofluorescein assay. The representative confocal images demonstrate higher level of ROS 
production in the GFT ovarian granulosa cells (Fig. 9A), but the cells isolated from the host (GOT-H) ovary (Fig. 9B), like those of the transplanted 
ovary (GOT-T) (Fig. 9C), demonstrate little or no ROS positive cells. Each image is one representative of 7-9 replicates, 2-3 replicates from 
independent granulosa cell pool, and each pool represented by ovaries from 6-8 rats. 
doi:1 0.1 371 /journal.pone.009621 0.g009 



end and pro-apoptotic factors on the other [24—25]. It is 
postulated that possibly the pro-survival molecules secreted by 
follicles help rescue the follicles from undergoing atresia [31-32]. 
That the rate of follicular atresia is highly preponderant under 
follicle-deficient condition and transplantation of ovary reverses 
the process was also evident from the immune blot data. The 
results demonstrated higher expression levels of apoptosis-mediat- 
ing signaling molecules including p , bax and caspase3 and lower 
expression of pro-survival factor, bclj, in the follicle-deficient 
ovary. The situation was effectively reversed following addition of 
follicles to the pool by ovary transplantation. 

The follicular survivability is controlled by several autocrine/ 
paracrine growth factors which are either produced by the oocyte 
or the somatic cells that are engaged in bidirectional communi- 
cation critical for follicular development [17]. Gdf9 and Bmpl5 
are oocyte-specilic proteins that play synergistic role in folliculo- 
genesis and control somatic cell proliferation and differentiation 
[14,18,19], while another growth factor, kit ligand, secreted from 
the granulosa cells is involved in mitotic regulation of granulosa 
cells and also maintaining the health and maturation of oocytes 
[21]. Our quantitative PCR data revealed that in concert with 
decline in follicular reserve (GFT), the expression of the growth- 
promoting factors was greatly attenuated, but as the follicular 
quantum increased after ovary transplantation, there was 



increased expression of the mRNAs encoding the synthesis of 
gdf9, bmpl5 and kit ligand, which possibly re-established the 
inter-compartmental communication and reduced the rate of 
follicular atresia. 

In mammals, primordial follicles are generated early in life and 
remain dormant for a prolonged period. Follicular growth resumes 
via a process known as primordial follicle activation. Recent 
studies have demonstrated that phosphoinositide 3-kinase (PI3K) 
acting via Akt is the indispensible signaling pathway in regulating 
follicular fate [43]. Kit ligand has been reported by numerous 
studies as the critical upstream regulator of primordial follicle 
activation. Kit ligand binds to its receptor and signals through 
multiple pathways, including PI3K [44], which are especially 
important for ovarian development [45-46]. Kit receptor is 
expressed on the oocyte membrane and theca cells, while kit 
ligand is produced by granulosa cells and act as a paracrine factor. 
Our immunofluroscence study, like the PCR data, demonstrated 
that expression of kit ligand, which was very poor in the follicle- 
deficient ovary, increased significantly following increase in the 
follicular quantum by ovary transplantation. It therefore seems 
logical to hypothesize that decline in the follicular reserve perhaps 
disrupts the optimum follicular microenvironment necessary for 
maintaining the inter-compartmental communication, while 
increase in the follicle size by ovary transplantation re-established 
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Figure 10. Potential-dependent mitochondrial JC1 staining. Images of mitochondrial JC-1 fluorescence in granulosa cells are presented in 
Figs. 10 A-C. Granulosa cells obtained from follicle-deficient ovaries in the GFT group (Fig. 10A) show green fluorescence indicating disruption of 
mitochondrial membrane potential. The follicle-deficient host ovary (GOT-H) (Fig. 10B) exhibits shifting from green to reddish orange fluorescence 
and re-establishment of mitochondrial membrane potential following transplantation of ovary (GOT-T) (Fig. 10C) that also shows reddish orange 
florescence in most of the cells due to strong JC-1 aggregation denoting high mitochondrial membrane potential. Each image is one representative 
of 9 replicates; 3 replicates from each granulosa cell pool, and each pool represented by ovaries from 6-8 rats. 
doi:10.1371/journal.pone.0096210.g010 



the follicular milieu that in turn restored intra-follicular commu- 
nication and growth of the follicles. 

The ovarian final endowment of primordial follicles is 
established during fetal life. Follicular atresia depletes this 
endowment and the rate of atresia therefore significantly impacts 
the span of reproductive life. The present results show that if 
ovarian aging is artificially induced by curtailment of ovarian 
follicular quantum, the rate of atresia is accelerated irrespective of 
chronological age. We therefore suggest that any transient insult 
causing curtailment of follicular pool may lead to premature 
exhaustion of follicular reserve. Stated otherwise, if the number of 
follicles wanes below certain threshold level, the surviving follicles 
that otherwise could maintain the ovarian function for a longer 
period are exhausted prematurely because of accelerated rate of 
atresia. 

Although several reports challenge the concept [47,48], the 
prevailing notion is that the ovary harbours a finite quantum of 
follicular reserve, and no oocyte/follicle regeneration is possible in 
postnatal life [49] . However, in sharp contrast to the age-old belief 
that POI, like menopause, is associated with complete loss of 
follicular reserve and irreversible in nature, lines of evidence 
suggest that ~ 50% of POI cases may be categorized under 
ovarian dysfunction type, who do have residual ovarian follicles 
despite the presence of elevated gonadotropins [50-51]. But 



ovulation is extremely rare and unpredictable in women with POI, 
and no ovulation induction regimens have been shown to be 
efficacious [52]. We postulate that the remaining ovarian follicles 
of the dysfunction type of POI women do not respond to 
stimulation perhaps because of loss of optimum ovarian milieu 
secondary to loss of follicle reserve. 

It has been established that oocyte quality determines its 
fertilization and subsequent development potential. General 
consensus is that the ovarian aging is accompanied not only by 
remarkable decline in the ovarian follicle pool but also by an 
increase in low-quality oocytes that are not competent enough for 
fertilization and further development [53—54]. Many failures in 
assisted reproduction technologies are considered to be related to 
oocyte aging [55-56], Gleicher et al [57], however, questioned the 
existing concept of 'oocyte aging'. They opined that unrecruited 
oocyte does not age, in stead it is the ovarian environment, where 
follicle maturation takes place after recruitment, that age [57]. 
Our observations also lend further support to their view and 
suggest that consequent upon decline in follicular reserve in the 
process of ovarian aging, the ovarian environment remains no 
more conducive to support maturation of the remaining oocyte/ 
follicles. These so called 'aged oocytes' harbored in the 'aging 
ovary' may be rendered active by providing suitable ovarian 
environment. It may be relevant in this context that reversal of 
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Figure 11. Evaluation of apoptosis with annexin V. Images of annexin V and propidium iodide (PI) fluorescence in granulosa cells are 
presented in Figs. 1 1 A-C. The granulosa cells from GFT group of rats (Fig. 1 1 A) are clearly positive for both annexin V and PI fluorescence, which is 
indicative of loss of membrane integrity that characterizes apoptotic death. The cells isolated from follicle-deficient ovary (GOT-H) after ovary 
transplantation shows lesser annexin V binding, but without PI fluorescence (Fig.1 1 B). The granulosa cells from the transplanted ovary (GOT-T) (Fig. 
1 1C) also show very limited annexin V binding and no PI fluorescence. Each image is one representative of 9 replicates; three replicates from each 
granulosa cell pool, and each pool represented by ovaries from 6-8 rats. 
doi:10.1371/journal.pone.0096210.g011 



oocyte aging in vitro by modulating the culture condition has been 
recently reported [58]. The present findings therefore may open 
up a new frontier in the management of the follicle dysfunction 
type of POI. 

Taken the present findings together, it may be summarized that 
the balance between the pro-survival and pro-apoptotic factors 
involved in maintaining optimum intra-follicular bi-directional 
communication between germ cell and somatic cells is perhaps 
under the upstream regulation of an as-yet unidentified ovarian 
milieu, which is maintained by inter-follicular communications. 
Notwithstanding the contribution of extra-ovarian factors in late- 
stage follicular survival, these preliminary findings propose that 
declining follicular reserve is possibly the immediate thrust that 
increases the rate of follicle depletion during the final phase of 
ovarian life when the follicle reserve wanes below certain threshold 
size. There are, however, certain issues that need further 
clarification. The present investigation provides no explanation 
for why further increase of the normal follicular quantum by 
transplantation of another wild type ovary did not advance the 
time of VO in the control rats. We are also as yet uncertain what 
would have been the consequence if transplantation of ovary was 
done at an earlier age. Finally, the present study does not clarify 
whether the effect of ovary transplantation was systemic or local. 



Investigations involving transplantation of immature ovary under 
kidney capsule of rats with follicle-deficient ovary are underway to 
resolve the issue. 

Materials and Methods 

Chemicals and reagents 

Most of the chemicals including bovine serum albumin (BSA), 
trichloroacetic acid (TCA) thiobarbituric acid (TBA), 1,1,3,3- 
tetramethoxypropane, ethylene glycol tetraacetic acid (EGTA), 
ethylenediaminetetraacetic acid (EDTA), sodium chloride, man- 
nitol, sucrose, tris buffered saline (TBS), HEPES, potassium 
phosphate, potassium chloride, (3- 1 ,4-galactosyltransferase anti- 
body, diethylstilbestrol (DES), 5,5',6,6' tetrachloro-l,l',3,3'-tetra- 
ethylbenzimidazolcarbocyanine iodide (JC-1), pepstain, leupeptin, 
PMSF, trypsin inhibitor, sodium dodecyl sulfate, Tween 20, 
Triton x 100, hematoxylin, RPMI medium were purchased from 
Sigma Chemical Co, St. Louis, MO, USA. Superoxide dismutase, 
Catalase, TdT-FragELTM DNA fragmentation were purchased 
from Calbiochem USA. While that for RNeasy (Qiagen, Valencia, 
CA), M-MuLV Reverse transcriptase (MBI Fermentas, USA), 
Power SYBR Green dye (Applied Biosystems, Foster City, CA). 
eosin (s.d. fine-chem. Ltd, Mumbai, India), Retrievagen A solution 
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Figure 12. Immunoblot and densitometric analysis of p , bax, bcl 2 and caspase3. Images of representative immunoblots (Fig. 12A) 
demonstrate decreased expression level of pro-apoptotic factors p 53 , bax and caspase3, and increased expression of anti-apoptotic factor, bcl 2 , in 
both the host and transplanted ovaries of the GOT group, as compared with the expression of the corresponding factors of the follicle-deficient ovary 
of the GFT group. The histograms (Fig. 1 2B) represent the densitometric analyses with relative intensity of the bands normalized to loading control, p- 
actin. 

doi:1 0.1 371 /journal.pone.009621 0.g01 2 



(BD Pharminge, San Jose USA), Poly-L-Lysine coated slides, and 
four chambered slides (BD biosciences, Bedford, MA), Immobo- 
lin-P membranes (Millipore Crop, Billerica, MA), Annexin V- 
FITC apoptosis detection (BioVision, Mountain View, CA), 
immuno reagents for western blot and immune fluorescence 
analysis of p' 1 ' , bax, bcf;, caspase3, kit ligand and P-actin 
(Santacruz Biotechnology, Santacruz, CA), secondary HRP 
conjugated, Alexa flour 633 and 488 antibodies, Hoescht 33258 
(Invitrogen Corporation, Carlsbad, CA) and super signal west pico 



cheminuminescent substrate (Thermo Scientific, Rockford, USA) 
were procured from the respective commercial sources. 

Animals 

The experiments were performed in accordance with the 
guidelines formulated by the Committee for the Purpose of 
Control and Supervision of Experiments on Animals, Ministry of 
Culture, India, with approval from the Animal Ethics Committee 
of Indian Institute of Chemical Biology (ID: 147/1999/CPCSEA/ 
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Figure 13. Relative mRNA expression of gdf9, bmp15 and kit ligand as assessed by real-time RT-PCR. The expression levels of gdf9, 
bmp15 and kit ligand are normalized with internal control, p-actin, and expressed as fold-change with respect to GFT group. The expression level of 
gdf9 is 1.61 -fold higher in GOT-H and 2.76-fold higher in GOT-T, while the expression of bmp15 increased by 1.24-fold in GOT-H and 1.87-fold in GOT- 
T ovaries. The expression of kit ligand in the GOT-H and GOT-T is 1.62-fold and 2.69-fold higher, respectively. Data are presented as mean ±SEM of 
five independent determinations, each from individual rats of the corresponding gtoup (**p<0.05 vs. GFT; ***p<0.001 vs. GFT). 
doi:10.1371/journal.pone.0096210.g013 



SNK-7/01-04-201 1). Pregnant Sprague-Dawley rats, procured 
from the random bred-colony of the animal house of our institute, 
were maintained under good husbandry conditions supported by 
diurnal cycles of 12 h light and 12 h darkness with lights on at 
0600 h daily. 

Animal treatments 

Day 10 pregnant rats (n = 36) were subjected to anaesthesia by 
intra-peritoneal injection of chloral hydrate at a dose of 350 mg 
per Kg body weight and laparotomized by a mid-ventral incision. 
The uterine horns were carefully pulled out. Embryos of both 
uterine horns of each rat (n = 29) were injected with (3- 1 ,4- 
galactosyltransferase antibody (GalTase-Ab) (0.03 ng/fetus) in a 
3 u.1 volume dispensed through 30-gauge needle fitted with a 
Hamilton syringe directed from the anti-mesometrial side of the 
uterine horn. The embryos of the control group of rats (n = 7) had 
injection of 3 |J,1 of normal physiological saline. Care was taken to 
prevent any entry of air bubbles or leakage during injection. The 
uterus was placed back gently into the peritoneal cavity. The 
peritoneal muscle incision was closed by sutures and the skin was 
closed with the help of wound clips. The day of delivery, 



designated as 'post-natal day 1' (PND1) was noted for all the 
animals. 

Assessment of ovarian architecture. To validate the 
model, physiological saline treated control and GalTase-Ab- 
exposed female rats were sacrificed on post natal day 35. The 
ovaries were dissected out, trimmed of extraneous fat, and fixed in 
3.7% buffered formaldehyde in 0.1 M phosphate buffer, pH 7.2 
for 24 h. The tissues were processed for paraffin embedding and 
sectioning. Serial sections of 5 |J,m thickness were cut with a Leica 
RM2155 rotator microtome and stained with eosin and hema- 
toxylin and evaluated under light microscopy. 

Quantification of ovarian follicular reserve. The ovaries 
(Control: n = 9 and GalTase-Ab-exposed: n = 1 3) were fixed, 
processed and stained with eosin and haematoxylin and examined 
under light microscope for quantification of ovarian follicular 
reserve. Differential follicle counts were made by the method of 
Pederson and Peters [59], as modified by Plowchalk et al. [60]. 
The follicles were classified as primordial, secondary, antral, or 
atretic, based on their structural features. 




Figure 14. Fluorescence image of kit ligand. The expression level of kit ligand («— ) in both the host and transplanted (trans) ovaries of the GOT 
group (Fig. 14B) is remarkably higher than that of follicle-deficient-ovary of the GFT group (Fig. 14A). Each image is one representative of five 
replicates, each from independent rats of the respective groups. 
doi:10.1371/journal.pone.0096210.g014 
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1 . The primordial follicle group consisted of a range of follicles 
that contained an oocyte with one complete ring of granulosa 
cells surrounding the oocyte. 

2. The growing or secondary follicles contained an oocyte that 
had started to grow and surrounded by multiple layers of cells 
(granulosa and theca). There was no evidence of antrum 
formation in these follicles. 

3. The antral follicle group consisted of follicles that contained a 
large oocyte and a fluid-filled antrum. 

4. The atretic follicle resembled the features of cystic follicular 
degeneration with thickened, folded and degenerated granu- 
losa cells. 

All slides were observed under compound microscope and 
counted blindly by 3 individuals including one research fellow who 
was not associated with the study. Starting with the first section, 
every 5 th serial section was scored for differential follicle numbers. 
Once all sections were scored, the number of each type of follicles 
in all sections was summed to represent the total counts of 
primordial, growing, antral, and atretic follicle. 

On PND 35, female litters from both the control and GalTase- 
Ab-exposed groups were transplanted with either a wedge of fat or 
an ovary from a normal pre-pubertal rat. The animals were 
anesthetized by intra-peritoneal injection of chloral hydrate at a 
dose of 350 mg per Kg body weight. Laparotomy was performed 
by a dorso-lateral incision. A wedge of fat measuring ~2 mm , or 
freshly collected ovary from 25-day old pre-pubertal rat was 
carefully transplanted under the bursa of each ovary. The muscle 
incision was closed by sutures using catgut, while the skin was 
closed by sutures using silk thread. The animals were maintained 
under appropriate post-operative care. Thus 4 subsets of rats, 2 
from the control (C) and 2 from the GalTase-Ab-exposed (G) 
groups were generated. These included control rats transplanted 
with i) fat (CFT, n = 12), or ii) ovary (COT; n = 16), and GalTase- 
Ab-exposed rats transplanted with iii) fat (GFT; n = 60), or iv) 
ovary (GOT; n = 54). Six rats from each group were monitored for 
vaginal opening to mark the onset of puberty and evaluation of 
growth rate, while the others were autopsied on PND 40, when the 
ovaries were dissected out and stripped of adherent fats. From the 
ovary-transplanted rats, the transplanted (GOT-T) and the host 
ovaries (GOT-H) were physically separated and evaluated for 
different studies as detailed below. 

Evaluation of growth rate. The litters from all the different 
groups were weighed every seventh day since birth and continuing 
until finally autopsied for collection of ovaries. 

Evaluation of onset of puberty. With an aim to evaluate 
the onset of puberty, 6 rats from each group were monitored daily 
for the establishment of vaginal opening (VO) starting from 
PND33. The day of vaginal opening was noted, and the age and 
body weight of the animals were recorded. Timing of vaginal 
opening was expressed in relation to age as well as body weight. 

Assessment of ovarian architecture. Rats, 4-5 from each 
group, were sacrificed on the day of vaginal opening. The ovaries 
were dissected out immediately, trimmed of fat, and fixed in 3.7% 
buffered formaldehyde in 0.1 M phosphate buffer pH 7.2 for 24 h 
followed by paraffin embedding and serial sectioning at 5 |im 
thickness with a rotator microtome (Leica RM2155, Germany). 
Sections were stained with eosin and hematoxylin for histological 
examination under light microscope (Leica DM2500, Germany), 
or in-situ localization of Kit ligand, as described below. 

In-situ localization of kit ligand. Tissue sections (5 um) 
mounted on glass slides were de-waxed in xylenes, re-hydrated in 
graded ethanol series, and antigen retrieval was done by using 
Retrievagen A solution at 65°C for 20 min. Blocking was 



performed by using 5% BSA in TBS for 2 hour at room 
temperature followed by overnight incubation with 1° antibody 
kit ligand (1:200 dilutions in TBS with 1% BSA) in a humid 
chamber at 4°c. The slides were washed three times with TBST 
and incubated with Alexa fluor 488 secondary antibody at 1:500 
dilutions in TBS containing 1 % BSA for 2 h in dark. Finally, the 
slides were washed three times with TBST, mounted and observed 
under fluorescence microscope (Leica, DM 2500, Germany). 

Determination of ovarian protein 

concentration. Ovarian protein concentration was determined 
by the Lowry method [61]. 

Lipid peroxidation. The magnitude of ovarian lipid perox- 
idation was measured by determining the level of malondialde- 
hyde (MDA) according to the method of Mihara et al [62] using 
thiobarbituric acid test. Briefly, ovaries from GFT (n = 5) and 
GOT (n = 5) rats were dissected out, and the GOT-H and GOT-T 
ovaries were separated. All ovaries were rinsed in ice-cold saline 
and homogenized in KC1 solution. Each homogenates was mixed 
with TBA-TCA reagent. The mixtures were boiled in a water bath 
for 1 hour to form a pink colored complex followed by 
centrifugation at 4000 rpm for 30 min. The supernatants were 
then separated, and the absorbance was measured at 535 nm. The 
standard curve was obtained by using 1,1,3,3-tetramethoxypro- 
pane. 

Superoxide dismutase activity. Superoxide dismutase ac- 
tivity was assessed in ovarian tissues collected from GFT (n = 5) 
and GOT rats (n = 5). The GOT-H and GOT-T ovaries were 
separated and all ovaries were washed with ice cold PBS solution 
and homogenized with 5 ml ice-cold 20 mM HEPES buffer, 
pH 7.2, containing 1 mM EGTA, 210 mM mannitol and 70 mM 
sucrose per mg tissue followed by centrifugation at 1500 xg for 
5 min at 4°C. The supernatant was used to perform the assay 
according to the manufacture's protocol (Calbiochem USA). One 
unit of SOD is defined as the amount of enzyme needed to exhibit 
50% dismutation of the superoxide radicals. The enzyme activity 
was expressed as unit/mg protein. 

Catalase assay. Ovarian catalase activity was biochemically 
assessed. Briefly, ovaries collected from GFT, GOT-H and GOT- 
T) were excised and washed with ice-cold PBS solution followed 
by homogenization with 5 ml ice-cold buffer (50 mM potassium 
phosphate, pH 7.0, 1 mM EDTA) and centrifuge at 10,000 xg for 
15 min at 4°C. The supernatant was used for the assay according 
to the manufacture's protocol (Calbiochem, USA). The standard 
curve was prepared by using formaldehyde solution. Catalase 
activity was defined as the amount of enzyme that produced 
1.0 nmol formaldehyde per min at 25°C and expressed as nmol/ 
min/ mg protein. 

Immunoblot analysis. Ovaries collected from GFT and 
GOT groups of rats were lysed in lysis buffer (150 mM NaCl, 
500 mM Tris, 10 mM EDTA) supplemented with protease 
inhibitors (1 ug/ml aprotinin, 1 u,g/ml pepstatin, 1 u.g/ml leu- 
peptin, 1 mM PMSF, 1 Ug/ml trypsin inhibitor) and 1% Triton 
X-100. After centrifugation at 7,500 rpm for 30 min at 4°C, the 
supernatants were collected and estimated for protein concentra- 
tion by Lowery method [60]. Fifty microgram of total protein from 
each sample was resolved on a 10% sodium-dodecyl-sulfate 
polyacrylamide gel and transferred onto immobilon-P membranes. 
The membrane was incubated with 5% blocking solution (Tris- 
buffered saline [TBS] containing 0.1% Tween-20, 5% non-fat 
dried milk) for 2 hrs, washed twice with TBS containing 0.1% 
Tween-20 followed by overnight incubation with anti-p 5 , anti- 
bax, anti-caspase3, anti-bcL; (1:500 dilution) and anti-fi-actin 
antibodies (1:1000). HRP-conjugated secondary antibodies 
(1:2000) were added and peroxide activity was visualized by 
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enhanced chemiluminiscence and exposure to X-Ray film. 
Densitometric quantifications of signals were done by Image-J 
software. There were five determinations for each parameter using 
five individual rats in each group. The data were expressed as ratio 
between target proteins to P-actin. 

Quantification of gdf9, bmpl5, and kit ligand mRNA 
expression by real time PCR. Total RNA was isolated from 
the ovaries by using the RNeasy Mini Kit (Qiagen, Valencia, CA). 
The quantity and quality of the RNA extracts were determined by 
measuring the absorbance at 260 nm and 280 nm using a 
spectrophotometer (BioRad, USA). The cDNA synthesis was 
carried out according to M-MuLV Reverse transcriptase kit (MBI 
Fermentas, USA) protocol. Followed by Real time PCR was 
performed by using the primers of 5'TGTGACCTGTGTGTGT- 
GACC 3' and 5 ' GTGAATGCTCCTCTCGCTTG 3' for gdffl, 
5' TTCTTTGGACTTGGTTAGGA 3' and 5' 
GGACCTTGTGTTCCATAAAA 3' for bmpl5, 5' 
AATCCTCTCGTCAAAACTCA 3' and 5' GCGACATAGTT- 
GAGGGTTAT 3' for kit ligand, 5' TACTGCCCTGGCTCC- 
TAGCA 3' and 5' GCCAGGATAGAGCCACCAATC 3' for 0- 
actin with Step One Plus Real Time PCR System (Applied 
Biosystems, Foster City, CA) with Power SYBR Green dye 
(Applied Biosystems, Foster City, CA) at the melting temperature 
of the corresponding genes. All reactions were run with the 
following program: 95°c for 10 min, followed by 35 cycles of 95°c 
for 15 sec, 55°-61° for 30 sec and 72°c for 30 sec, finishing with 
melt curve step. The collected CT values were normalized with 
internal control, P-actin. According to Giulietti A el at, 2001 the 
obtained values from GOT-T and GOT-H group were compared 
with respect to the values obtained from GFT group. There were 
five determinations using five individual rats in each group. The 
results (mean ± SEM values) were expressed as the fold change of 
corresponding genes of the GFT group. 

Granulosa cell isolation and preparation. Rats were 
injected subcutaneously with DES (2 mg/rat/day) for 4 days 
followed by retrieval of granulosa cells from GFT (n = 24), and 
physically separated GOT-H (n=18) and GOT-T (n=18) 
ovaries. Briefly, the cells were obtained by puncturing the follicles 
with fine (26 gauge) needles gendy allowing expulsion of cells into 
ice-cold PBS. Because of poor yield, granulosa cells from 8 rats of 
the GFT group were pooled together, while each pool of the 
GOT-H as well as GOT-T group was represented by ovaries from 
6 GOT rats. Thus there were 3 pools of cells from each group of 
rat ovaries. Cells were washed three times with PBS and collected 
by brief centrifugation and placed onto four-chambered poly L- 
lysine-coated microscopic glass slides. Cells from each pool were 
analyzed for detection of apoptosis, generation of ROS, 
mitochondrial membrane potential, and annexin V-affinity 
binding. 

Evaluation of granulosa cell apoptosis by TUNEL and 
Hoechst staining. Isolated granulosa cells were washed twice 
with ice-cold PBS and fixed in 4% formaldehyde for 10 min. The 
fixed cells were washed with PBS and subjected to Terminal 
deoxynucleotidyl transferase mediated dUTP Nick-End Labeling 
(TUNEL) assay or Hoechst staining. 

TUNEL assay was performed according to the manufacture's 
protocol (Calbiochem, USA), and finally observed under confocal 
microscope (Nikon, AIR, Japan). TUNEL reactivity marked the 
apoptotic cells, while non-apoptotic cells were visualized by a 
DAPI filter. 

Hoechst staining was performed to confirm the apoptotic profile 
as a result of morphological change in the nucleus. Cells were 
incubated with Hoechst 33258 (5 u.g/ml) for 10 min at 37°C in a 
humidified chamber protected from light and washed three times 



with ice cold PBS followed by mounting with Vecta Shield 
mounting medium. Cell nuclei were observed and imaged by 
confocal fluorescence microscope with excitation at 350 nm and 
emission at 460 nm. 

The proportion of cells with TUNEL positivity or nuclear 
fragmentation was calculated by counting the number of TUNEL 
positive or stained cells per > 1 00 cells in each of three randomly 
selected fields of slides with cells from each of the three or four 
independent pools of cells. Results are shown as the mean ±SEM 
of three independent experiments using separate groups of rats. 
Three different individuals including one Research Fellow not 
involved in this study made these observations. 

Measurement of ROS. To examine the cellular redox status, 
granulosa cell ROS generation was evaluated according to Wu et 
al [63]. Briefly, the granulosa cells isolated from GFT, GOT-T 
and GOT-H ovaries were washed with PBS and incubated with 
4 um 2_, 7_-dichlorofluorescein diacetate (H 2 DCFDA) in RPMI 
media at 37° for 30 min. The cells were then fixed with fixative 
containing 2% glutaraldehyde and 2% formaldehyde and 
visualized by confocal microscopy (Nikon, AIR, Japan) to detect 
ROS production. 

Determination of mitochondrial membrane 
potential. Analysis of mitochondrial membrane potential was 
done by staining with JC-1, a lipophilic cationic fluorescent dye 
capable of selectively entering mitochondria and acting as a dual 
emission probe that reversibly changes color from green (FL-1) to 
reddish orange (FL-2) in concert with polarization of mitochon- 
drial membrane [64] . Isolated granulosa cells were incubated with 
JC-1 for 30 min at 37°C in dark. Cells were washed with PBS. 
The cover slips were inverted on glass slides, fixed in 2% 
formaldehyde and analyzed by confocal microscopy (Nikon, AIR, 
Japan). 

Annexin V binding assay. The isolated granulosa cells from 
all the experimental groups were placed on the poly L-lysine 
coated slides flooded with 500 u.1 of IX binding buffer, 5 \xL of 
Annexin V-FITC, and 5 uL of propidium iodide (PI), and 
incubated at room temperature for 15 min at dark. The cover 
slips were inverted on glass slides, fixed in 2% formaldehyde and 
visualized under confocal microscope (Nikon, AIR, Japan). 

Statistical analyses 

The data were expressed as mean + standard error of mean 
(SEM), and 'n' refers to the number of animals or determinations. 
All experiments were carried out adeast triplicate. Two-tailed 
Student's Hest was used to analyse the significance of differences 
between the experimental and control observations. Statistical 
significance was inferred at P<0.05. 

Supporting Information 

Figure SI Photomicrograph (A-F) show DBA-reactive 
PGC (arrows) on their path of migration in 12— 14days- 
old rat embryos exposed in utero to lysozyme (A1-A3), 
lactalbumin (LA) (B1-B3), GalTase Ab (C1-C3), GlcNAc 
(D1-D3), UDP-galactose (E1-E3) and UMP+UDP-galac- 
tose (F1-F3). PGCs are found scattered posterior to the 
developing hindgut in Day-12 embryos (A1,B1,C1,D1,E1,F1). 
Panels A2,B2, C2, D2,E2,F2 exhibit the distribution of PGC along 
the coelomic epithelium of the mesentry in 1 3-day old embryos. In 
14-day-old embryos, PGCs are located in the epithelium and 
mesenchyme of the developing gonad (A3,B3,C3,D3,E3,F3). The 
day-wise distribution patterns of PGC in all study groups are 
quantitatively akin to those of the respective lysozyme control 
groups (A1-A3). Quantitatively, however, on all days of 



PLOS ONE | www.plosone.org 



14 



May 2014 | Volume 9 | Issue 5 | e96210 



Follicular Pool Size and Ovarian Aging 



examination, PGC population in the LA-(B1-B3), GalTase-Ab- 
(C1-C3) and GlcNAc-exposed (D1-D3) embryos are compara- 
tively sparser, while the UMP+UDP-gal-exposed embryos (F1-F3) 
demonstrated an appreciably denser population of PGGs as 
compared with those of the lysozyme or UDP-gal-exposed (E1-E3) 
embryos. UR, Urogeital ridge: HG, hindgut. Bar = 20 u,m. Inset 
in each plate presents a part of the corresponding photograph (red- 
bordered) at higher magnification. Reproduced from the Ph. D. 
thesis of Sutapa Banerjee [28] with permission from Biol Reprod 
[27], in which a part of the figure was published. 
(TIF) 
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